Marine oils, such as seal blubber and menhaden oils, offer a wide range of health benefits and play a critical role in many functions in the human body. These oils are highly vulnerable to oxidation due to their high content of polyunsaturated fatty acids. In this study, the stabilizing effect of blending of seal blubber and menhaden oils with antioxidant rich-wheat germ oil was investigated. Conjugated dienes and thiobarbituric acid reactive substances were used as indicators of oxidative stability. Fatty acid composition of the original oils and blends was determined using gas chromatography, while tocopherol content was assessed using high-performance liquid chromatography-mass spectrometry. The results showed that blending with wheat germ oil increased the tocopherol content of seal blubber and menhaden oils. The oxidative stability of blended seal blubber and menhaden oils was improved, and higher oxidative stability was positively correlated with higher percentage of added wheat germ oil.
Introduction
Oils from marine mammals, fish, and microalgae have been well recognised as preferable supplementary sources of long-chain omega-3 polyunsaturated fatty acids (PUFAs). For instance, seal blubber oil (SBO) contains high contents of omega-3 fatty acids such as eicosapentaenoic acid (EPA), docosapentaenoic acid (DPA), and docosahexaenoic acid (DHA), while all these fatty acids can also be found in menhaden oil (MHO). [1, 2] On the other hand, the oil derived from Crypthecodinium cohnii microalgae contains about 40% DHA. [3] A large body of studies has demonstrated the health benefits of these PUFAs in humans. As the main components of membrane lipids, DHA supports normal development of the brain, eyes, and the nervous system, especially for infants and foetuses, and thus addition of DHA in the diet of pregnant and lactating women as well as infant formula is strongly recommended. [4] [5] [6] [7] Furthermore, PUFA such as EPA plays a vital role in inflammation, regulating blood flow, immune response, and ion transport by serving as a precursor of signalling eicosanoid molecules. In addition, long-chain omega-3 PUFAs can be converted to other anti-inflammatory molecules, such as resolvins, maresins, and omega-3-oxylipins, [8] which may also explain the function of omega-3 fatty acids in alleviating cancer, [9] cardiovascular disease, [10] psychiatric disorders, [11] Parkinson's disease, [12] and inflammatory conditions. [13] However, these oils are highly vulnerable to oxidation due to their high content of PUFA. As a rich source of omega-3 fatty acids, seal blubber and fish oils have attracted attention from food and food supplement industries. These oils have been directly used as food supplement to address health problems. [14] In food industry, SBO and MHO are used in bakery goods, such as bread, as well as baby foods, salad dressings, and dairy products, among others. [15] In addition, the microencapsulated SBO and MMHO have been incorporated into the formulations of dry foods and other beverages. [16] Oxidation of lipid can degrade the quality of foods and produces toxic oxidation products, and the low oxidative stability of marine omega-3 oils has been a major challenge for their application in foods or being used as pharmaceutical ingredients. For many lipid-containing foods, special measures are taken to reduce or prevent oxidation, including removal of oxygen as well as photosensitisers, and addition of natural and/or synthetic antioxidants. In this study, the effect of blending with antioxidant rich-wheat germ oil (WGO) on the oxidative stability of SBO and MHO was investigated.
WGO is well known as a tocopherol-rich food lipid, which is procured from the germ of wheat kernel. It contains more than 55% PUFAs, mainly linoleic and alpha-linolenic acids. [17] Octacosanol, a 28-carbon long-chain saturated primary alcohol, has also been found as one of the minor components of WGO, which is believed to serve as a physical performance enhancing agent as well as for improving Parkinson's disease and lowering plasma cholesterol. [18, 19] Oil blending has commonly been employed in the pharmaceutical and food industries. [20] For instance, omega 3 oils have been added to other oils in order to maximise the health benefits of the resultant formulations. Blended oils from fish oil and flax seed oil are considered as new pharmaceutical products with maximised benefits from both. [21] In the food industry, palm oil has been used to enhance the stability of cooking oils such as canola oil, during food processing and hightemperature deep-fat frying. Addition of WGO to SBO and MHO may not only be expected to improve their oxidative stability with the increased content of tocopherols but also to enhance health benefits contributed from the addition of its minor component, octacosanol.
The purpose of the present study was to examine the effect of blending SBO and MHO with WGO on their oxidative stability. Changes of tocopherol content and fatty acid composition in blended SBO and MHO was assessed by high-performance liquid chromatography-mass spectrometry (HPLC-MS) and gas chromatography (GC), respectively. Oxidative stability of blended oils was monitored by comparing conjugated dienes (CD) and thiobarbituric acid reactive substances (TBARS) values following accelerated oxidation at 60°C for 72 h with those of the original oils.
Materials and methods

Materials
The compound 2-thiobarbituric acid and standards of tocopherols were purchased from SigmaAldrich (Mississauga, ON, Canada). Standard fatty acid methyl esters (FAMEs; GLC-461) were procured from Nu-Check (Elysian, MN). WGO was purchased from Jedwards International, Inc. (Braintree, MA). SBO was received as a gift from a local marine oil company in Newfoundland (St. John's, NL, Canada), and MHO was received as a gift from Omega Protein (Houston, TX). All solvents used were of analytical grade and purchased from Fisher Scientific (Nepan, ON, Canada).
Blending SBO and MHO with WGO SBO (19 or 18 g) and MHO (19 or 18 g ) were physically blended with 5% (1 g) and 10% (2 g) of WGO, respectively. All the oil samples tested were flushed with nitrogen gas and stored at −20°C for up to 14 days before analysis.
Determination of fatty acid composition of SBO, MHO, WGO, and their blended counterparts by GC analysis Fatty acid compositions of SBO, MHO, WGO, SBO with 5% of WGO, SBO with 10% of WGO, MHO with 5% of WGO, MHO with 10% of WGO were determined following their conversion to the corresponding methyl esters. [22] A Hewlett-Packard 5890 Series II gas chromatograph (Agilent, Palo Alto, CA) equipped with a SUPELCOWAX-10 column (30 m length, 0.25 mm diameter, 0.25 μm film thickness; Supelco Canada Ltd., Oakville, ON, Canada) was used to analyse the FAMEs. The FAMEs were identified by comparing their retention times with those of a known standard mixture, and the results were presented as weight percentage.
Determination of tocopherols content by HPLC-MS
Assessment of tocopherol content in SBO, MHO, WGO, and their blends was conducted in this study. The tested oil samples were prepared by dissolving 0.1 g of oil in 2 mL of methonalacetonitrile-isopropanol (41:59:300, v/v/v). Tocopherol standards were prepared by dissolving a known amount of tocopherol mixture (consisting of four tocopherol analogues) in the same solvent followed by dilution to different concentrations. Prior to HPLC analysis, both samples and standards were filtered using a 0.45 μm syringe filter (Whatman, Clifton, NJ).
Tocopherol contents in the prepared samples and standards were determined by reversed phase HPLC-MS, using an Agilent 1100 HPLC unit (Agilent Technologies, Palo Alto, CA), equipped with a UV-diode array detector (UV-DAD). Separation was achieved on a C-18 column (4.6 mm × 250 mm coupled with a guard column, Agilent) by gradient elution with a methanolacetonitrile-isopropanol mobile phase at a flow of 0.8 mL/min; and fractions were detected at 295 nm. The mobile phase started with methanol-acetonitrile-isopropanol (41:59:0, v/v/v) and was maintained for 15 min. The mobile phase was gradually changed to methanol-acetonitrileisopropanol (16.5:23.5:60, v/v/v) from 15 to 25 min, and then it reached 100% of isopropanol from 25 to 35 min, and was kept there for 10 min. The mobile phase was changed to its initial state, methanol-acetonitrile-isopropanol (41:59:0, v/v/v) in 5 min, and it was maintained for 10 min in order to recondition the column. LC flow was analysed online by a mass spectrometric detector system (LC-MSD-Trap-SL, Agilent) using positive ion APCI (atmospheric pressure chemical ionisation). The operating conditions used were 121 V for the fragmentor voltage, drying temperature of 350°C, APCI temperature of 400°C, nebuliser pressure of 60 psi, drying gas flow of 7 L/min. Each tocopherol standard and sample (50 μL) was injected by using an autosampler. Tocopherols were detected at 295 nm by a UV detector and identified by comparing their retention times with those of known tocopherol standards. A standard curve was constructed for each tocopherol homolog (peak area vs. concentration). Tocopherol concentrations in samples were calculated using the standard curve and expressed as milligram tocopherol per 100 g oil.
Oxidative stability tests
CD test
Oxidative stability of SBO, MHO, WGO, and their blends was determined under Schaal oven conditions at 60°C for 72 h. Each day (24 h) under these conditions is equivalent to 1 month of storage at ambient temperatures. Oils (0.4-0.5 g) were placed in loosely capped test tubes (10 mm diameter and 4.0 cm height) and stored at 60°C in a forced-air oven (Thelco, Model 2; Precision Scientific Co., Chicago, IL). Samples were removed from the oven at 0, 6, 12, 24, 48, and 72 h, cooled to room temperature, flushed with nitrogen, capped, and stored at −20°C for up to 7 days until analysed. CD in the oils was determined according to the IUPAC (1987) method 20505. [23] TBA test The determination of TBARS was carried out as described by the AOCS method Cd 19-90. [24] Statistical analysis All tests were done in triplicate. The results obtained were presented as mean ± standard deviation. Paired t-test was performed to analyse the significant differences between data (p < 0.05) using SPSS statistics.
Results and discussion
Fatty acid composition of SBO, MHO, WGO, and their blends
The fatty acid composition of SBO, MHO, WGO, and their blends are shown in Tables 1 and 2 . The fatty acid composition of SBO, MHO, WGO reported here are in good agreement with those from previous work, and the differences are mainly due to different batches of the oils used. [25, 26] WGO is a rich source of unsaturated fatty acids, including the PUFA C18:2ω6 and the monounsaturated fatty acid C18:1ω9 (Table 1 ). More than 80% of the total fatty acids were present as C18:2ω6 (55.53%) and C18:1ω -9 (25.4%). Alpha-linolenic acid (C18:3ω3) was the only omega-3 fatty acid that was detected in WGO at 3.6%. The saturated fatty acids detected were C14:0, C16:0, and C18:0.
Seal bubbler oil before and after blending with WGO
SBO is an important source of omega-3 fatty acids, including C18:3ω3 (0.42%), C18:4ω3 (0.89%), C20:5ω3 (4.74%), C22:5ω3 (3.5%), and C22:5ω3 (6.08%) ( Table 1 ). The fatty acids C14:1ω9 (1.27%), C16:1ω7 (19.03%), C17:1 (0.28%), C18:1ω9 (25.2%), C18:1ω11 (6.68%), C18:2ω6 (2.01%), and C22:1ω11 (2.14%) were detected as unsaturated forms. In addition, C14:0 (4.32%), C16:0 (5.89%), and C18:0 (0.75%) were saturated fatty acids detected in SBO. The change in total content of unsaturated fatty acids between the original SBO and its blends was insignificant (p > 0.05) ( Table 1) . However, the content of the total PUFA showed a significant increase in the blended SBO compared with that of the content in the original SBO. 
Menhaden oil before and after blending with WGO
All the omega-3 fatty acids from SBO were also detected in the original MHO, such as C18:3ω3 (0.71%), C18:4ω3 (1.8%), C20:5ω3 (16.26%), C22:5ω3 (1.88%), and C22:6ω3 (5.77%) ( Table 2 ). The total content of omega-3 fatty acids in MHO was significantly higher than that of SBO. On the other hand, unsaturated fatty acids, including C14:1ω9 (0.59%), C16:1ω7 (18.56%), C17:1 (1.47%), C18:1ω9 (9.1%), C18:1ω11 (4.51%), C18:2ω6 (0.88%), and C20:1ω9 (0.81%) were found in MHO. Only C14:0 (12.77%), C16:0 (18.56%), and C18:0 (2.74%) were the saturated fatty acids detected in MHO ( Table 2 ). The total content of unsaturated fatty acids of the original MHO and its blends did not change significantly (p > 0.05). However, a significant increase in total PUFA was observed in the MHO blends compared with that of the original MHO.
Tocopherol content
Alpha-tocopherol is the natural antioxidant in marine oils and was the major tocopherol homologue detected in both SBO and MHO. [27] The results (Table 3) showed that the alpha-tocopherol content was 14.5 mg/100 g in SBO, while it was 8.92 mg/100 g in MHO; these values are higher than those reported previously. [25, 28, 29] Tocopherol contents in this work were directly analysed after dissolving of a small amount of oil sample in the solvent without saponification, and thus the accuracy of determination was improved as loss of tocopherol during alkaline saponification and extraction was prevented. The higher alpha-tocopherol content so obtained may also be due to the different refining process and characteristics of the test oil in this work. All four tocopherol homologues including alpha-, beta-, gamma-, and delta tocopheols were detected in WGO, and its total tocopherol content was 124 mg/100 g, which is 8 times that in SBO and 13 times that in MHO ( Fig. 1 and Table 3 ). These results demonstrated that WGO is a rich source of tocopherols, and the addition of WGO to SBO and MHO led to an increase of tocopherol content in both oils. [17] Based on the results, a significant (p < 0.05) increase in the content of α-tocopherol and appearance of other tocopherol homologues was noted in both blended SBO and MHO. The total tocopherol contents of SBO with 5% WGO and SBO with 10% WGO blends increased to 19.98 and 25.18 mg/100 g, respectively; while those in blended MHO reached 14.68 (5%WGO) and 20.42 (10% of WGO) mg/100 g. Oxidative stability
CD test
The CD value of lipids, measured by their absorption at 234 nm, is an indicator of primary oxidation products as CD are formed due to a shift in the double-bond positions upon oxidation of lipids that contain dienes or polyenes. [30] Figure 2 shows the CD contents of the original SBO, WGO, and their blends under accelerated Schaal oven condition at 60°C.
The CD values of both original SBO and its blends, SBO with 5% WGO and SBO with 10% WGO, increased throughout the entire experimental period due to the formation and accumulation of lipid hydroperoxides, which are the major primary oxidation products. [3] Formation of lipid hydroperoxides coincides with that of CD upon oxidation. [27, 31] CD values increased slowly from 0 to 48 h when primary oxidation products, hydroperoxides, were generated and released during lipid oxidation. However, the amount of hydroperoxide present was fairly low at the beginning of oxidation chain reaction. As the storage time was extended to 72 h, large amounts of primary oxidation products were produced due the abundance of free radicals, and this sharply increased CD values which reached the highest values at 72 h (Fig. 2) . Values obtained at 0, 12, and 24 h did not show any significant difference between the original SBO and SBO with 5% WGO blend, while those of the latter were significantly lower when compared with those of the original SBO, indicating better oxidative stability of SBO with 5% WGO blend. The results showed significantly lower CD values at 6, 24, 48, and 72 h for SBO with 10% WGO blend when compared with those of the original SBO, while no significant difference existed at other test points. The CD values did not show any increase for the original WGO, which indicated its excellent stability under accelerated oxidation conditions. As the most important lipid-soluble antioxidants, tocopherols can effectively decrease lipid oxidation by scavenging free radicals produced from lipid peroxidation chain reactions, and thus may prevent the oxidation reaction from continuing. [32, 33] The content of α-tocopherol by itself was more than 32.85 mg/100 g of WGO, and the total tocopherol content of WGO was 124 mg/100 g. The large amount of tocopherols helped WGO to maintain good oxidative stability under accelerated oxidation conditions as mixed tocopherols possess strong capacity in preventing lipid oxidation. [34, 35] The changes of tocopherols content in WGO was monitored throughout the experimental period, and 4% of total tocopherols were lost at the 72 h test point (Fig. 3) . Beta-, gamma-, and delta-tocopherols showed better stability than alpha-tocopherol during the accelerated oxidation, as the latter had a significantly (p < 0.05) higher loss (>4.5%) compared with the loss (<3.1%) of others, indicating its better sparing effect compared with those of other tocopherols in our system. Although the results from fatty acid composition analysis showed no significant changes in the total content of unsaturated fatty acids between the original SBO and its blends (Table 1) , there was an increase of total PUFA content in the oil blends, due to a contribution from WGO, which may contribute to their high vulnerability to oxidation in the absence of introduced tocopherols from WHO. Thus, the improved oxidative stability of SBO with 5% WGO and SBO with 10% WGO blends was due to the increased tocopherols content contributed by the addition of WGO. The tocopherols content increased by 38% and 74% in SBO with 5% WGO and SBO with 10% WGO blends, respectively, compared with that in the original SBO (Table 3) .
The CD values of MHO, MHO with 5% WGO, and MHO with 10% WGO monitored at each test point are shown in Fig. 2 . The CD values of MHO with 5% WGO blend were significantly lower than those of MHO at 6, 12, and 48 h, but showed no significant difference at other test points. Significant difference existed in the CD values between MHO with 10% WGO blend and MHO at 0, 6, and 12 h, while no significant difference was observed at other test points. MHO with 5% WGO and MHO with 10% WGO blends showed a better oxidative stability when comparing their CD values with those of the original MHO. The results from fatty acid composition analysis did not reveal any significant changes in the total content of unsaturated fatty acids between the original MHO and its blends with WGO (Table 2) . However, the total PUFA increased in the oil blends compared with that of the original MHO, which may lead to a lower stability. Therefore, the enhanced stability of MHO blends with WGO is mainly due to the increased content of tocopherols from the addition of WGO, as the total tocopherols increased to 14.68 and 20.42 mg/100 g of oil in MHO with 5% WGO and MHO with 10% WGO blends, respectively, while it was 8.92 mg/100 g of oil in the original WGO.
TBA test
The TBA test has commonly been employed to assess the level of secondary oxidation products. The rate of formation of secondary oxidation products is mainly affected by three factors, namely the amount of hydroperoxides as primary oxidation products, the level of tocopherols, and the nature of hydroperoxides which may be decomposed to secondary oxidation products at different rates under the same conditions. [36] The type of the hydroperoxide is determined by the nature of fatty acid oxidised.
The results as shown in Fig. 2 summarise TBARS values of SBO and its blends, which increased progressively until reaching their highest values during the storage period in both SBO and its blends, SBO with 5% WGO and SBO with 10% WGO. The TBARS values increased in a slow manner from 0 to 48 h, and started having sharp increase after 48 h and reached their highest values at 72 h (Fig. 2) . [37, 38] Meanwhile, the TBARS values of the original WGO were fairly low and did not show a sharp increase during the entire oxidation period, which coincided with the low CD values of this oil (Fig. 2) . The low TBARS values of WGO indicate its high tocopherol content effectively prevented lipid oxidation. The results did show a significantly lower TBARS value for SBO with 5% WGO blend when compared with that of SBO at 72 h, while showing no significant difference at other test points. On the other hand, the TBARS values of SBO with 10% WGO blend were significantly lower than those of the original SBO at both 24 and 72 h, while no significant difference existed at other test points. Based on the results of TBARS, SBO with 5% WGO and SBO with 10% WGO blends were more stable than the original SBO due to increased tocopherols content although an increased total PUFA was observed in the oil blends.
The TBARS results obtained for MHO and its blends showed an increasing trend from 0 to 48 h, but decreased at 72 h (Fig. 2) . The TBARS values of MHO with 5% WGO blend were significantly lower than those of the original MHO at 6, 12, and 48 h, but had no significant difference at other test points. MHO with 10% WGO blend had significantly lower TBARS values than MHO from 0 to 72 h, but showed a higher value at 72 h after reaching the peak value. Compared with the original MHO, a better oxidative stability of both MHO with 5% WGO and MHO with 10% WGO blends was demonstrated as shown by their lower TBARS values.
Conclusions
The oxidative stability of SBO and MHO was improved when blended with different levels of WGO, mainly due to the increased content of tocopherols, especially alpha-tocopherol. The effect of the increased PUFA content on the stability of oil blends was overcome by the effect of the increased tocopherol content. Therefore, WGO served as a good stabiliser for omega-3 marine oils with high contents of PUFAs.
